I. INTRODUCTION
There are many indications that tokamak fusion plasma performance in the reactor core will be determined largely by the physics in the far edge region. [1] [2] [3] [4] [5] [6] In H-mode plasmas, this far edge region is called the "edge pedestal" due to the steep gradients in the radial density, temperature, current, and pressure profiles, which influence the main plasma energy confinement and stability. These steep gradients observed in the H-mode edge result in higher plasma densities and temperatures in both the edge and plasma core, leading to overall improved plasma performance. Often referred to as an edge "transport barrier," this steep gradient region is characterized by strong electromagnetic forces and kinetic particle losses. The usual fluid theory is not sufficient to represent the effect of these phenomena on particle transport but must be extended to treat non-diffusive electromagnetic "pinch" forces 7 and ion orbit loss (IOL) 8 of particles on orbits which cross the separatrix.
There is also evidence of strong reduction in turbulent transport suppressed by ExB shear 9, 10 in this edge transport barrier, which has been argued to lead to a transition to the improved H-mode confinement regime and is often associated with an increased radial electric field, E r , in the edge pedestal region. [11] [12] [13] While this L-H transition has been extensively studied and understood relatively well qualitatively, there is still a need for predictive models that can characterize E r in current plasmas as well as in future devices. Along with the L-H transition, changes in the edge radial electric field are also correlated with changes in many edge phenomena such as rotation, transport, and the suppression of large magnetohydrodynamic (MHD) instabilities called Edge Localized Modes (ELMs). [14] [15] [16] [17] [18] While the critical gradients and values for these events to occur are set by other mechanisms, such as the peeling-ballooning MHD instability threshold for ELMs and particle and energy sources and sinks for transport properties, all processes must be constrained by conservation equations.
Recently, ion orbit loss of thermalized ions causing highly non-Maxwellian distribution functions in the far edge, along with compensating return currents and intrinsic rotation, has been shown to play a key role in the formation and structure of the radial electric field. 19, 20 There has been significant previous research on ion orbit loss, [21] [22] [23] [24] [25] corresponding return currents, 25 and their impact on intrinsic rotation. [26] [27] [28] [29] Miyamoto 22 developed an analytical representation for ion orbit loss with the inclusion of a radial electric field, which was extended by Stacey 8 for a computationally attractive formulation for use in predictive or interpretive fluid codes. Mach probe measurements of velocity peaking in DIII-D have spurred numerical simulations by deGrassie 27 and analytical modeling by Stacey 26 to characterize intrinsic rotation from thermal ion losses in the far edge region. Recent XGC0 simulations 30, 31 have also supported the theory that ion orbit losses causing highly non-Maxwellian distribution functions greatly impact the radial electric field, which is closely linked to both diffusive and electromagnetic edge transport processes. Thus, it is desirable to develop improved ion orbit loss models which can be leveraged in existing momentum based predictive models for the radial electric field and its influence on the rest of the plasma, as exemplified in References 32 and 33. This paper extends the ion orbit loss model of References 24 and 8, to account for (1) prompt loss of fast neutral beam ions, (2) realistic flux surface geometry and magnetic fields, (3) return currents from the scrape off layer (SOL), (4) outward streaming lost particles that return to the plasma, and (5) x-transport and x-loss. This improved ion orbit loss methodology is applied to self consistently model radial particle fluxes, intrinsic rotation velocities, and the radial electric field. The paper is organized as follows: Section II introduces the improvements to the ion orbit loss calculation; Section III describes how the ion orbit loss improvements affect the momentum-based methodology for calculating radial particle flux, intrinsic rotations, and the radial electric field; and Section IV presents conclusions and future implications of this research.
II. ION ORBIT LOSS THEORY AND MODEL IMPROVEMENTS A. Basic ion orbit loss theory
Conservation principles are employed to calculate a minimum energy required for ion orbit loss of ions by accessing orbits that cross the separatrix. This calculation does not track particle orbits but determines the physical requirements on ion energy for a particle to execute a loss orbit. A collisionless plasma is assumed, which can be interpreted such that no ions are allowed to scatter into or out of the loss cone calculated by these conservation principles, but there is an outward flowing ion population that has a loss cone with a lower energy boundary that is decreasing with increasing radius. 8 The calculation is based on the conservation of canonical toroidal angular momentum, energy, and magnetic moment
R is the major radius, m is the mass, V is velocity, B is the magnetic field, w is the amount of enclosed poloidal magnetic flux, and u is the electrostatic potential. The subscripts "perp" and "par" refer to directions perpendicular or parallel to the total magnetic field. The "0" subscripts indicate the values of the quantity on a reference internal flux surface, w 0 , in the edge region. The second surface required to satisfy these conservation equations is the separatrix, w s , denoted by the subscript "s." Combining these constraints then leads to a quadratic expression defining the minimum speed, V 0
, that an ion with a given direction at a given location on an internal flux surface must have in order to reach a given location on the last closed flux surface, w s
f u ¼ jB u /Bj and n 0 is the cosine of the initial particle direction with respect to the toroidal magnetic field. This minimum velocity is numerically calculated for each internal flux surface w 0 at various poloidal locations, and for several n 0 values, which is relevant for both carbon and deuterium, however, only main ion losses will be discussed here for inclusion in fluid equations. Experimental profiles used to evaluate and interpret Eq. (4) for a DIII-D H-mode discharge that will be discussed in Sections II B-II E are shown in Fig. 1 . The minimum energy, E min mV 2 0;min =2, required for deuterium ion orbit loss from the inboard and outboard midplane locations on the flux surface at the pedestal top (q ¼ 0.966) in the H-mode shot is shown in Fig. 2(a) as a function of direction cosine with respect to B / , or pitch angle n 0 . This minimum energy is clearly sufficiently large for cocurrent ions (B / and Ip are oppositely directed in this shot) at the inboard midplane that no co-current particles will be lost, but for counter-current ions the particles in the upper-energy tail of the thermalized distribution may be lost, depending on the local ion temperature (or thermal velocity). This is shown more clearly in Fig. 2(b) , where the contours of the ratio of FIG. 1. Experimental profiles of (a) ion temperature and electrostatic potential and (b) radial electric field for DIII-D H-mode discharge #123302 at 2600 ms. Fig. 2 illustrates smaller minimum orbit loss energies (2a) and velocities (2b) for ions located at the outboard midplane. The loss of high energy particles truncates the ion distribution above E min ðn 0 Þ, and this effect is more pronounced for ctr-Ip directed particles than for coIp directed particles and more pronounced at the outboard midplane than the inboard midplane. In general, the contours in Figs. 2(a) and 2(b) will decrease with increasing radius. This is discussed in more detail in References 8 and 34. Figure 2 agrees qualitatively with the numerical calculation of ion orbit loss using Eqs. (1)-(3) in Reference 23 in that it is the ions with velocity strongly in the direction of the magnetic field (n 0 ) 0) that are most likely to be lost. However, Reference 23 uses model radial electric field profiles while Fig. 2 uses the experimental profile (e.g., the electrostatic potential in Fig. 1(a) calculated from the experimental radial electric field E r ¼ Àn r À r/ in Fig. 1(b) ), and Reference 23 calculates orbits intersecting a specific confinement chamber geometry as lost, whereas a fraction R loss of the ions crossing the separatrix are treated as lost in this paper, so that a quantitative comparison is not possible.
The cumulative fraction of lost particles out to radius 'r' can then be calculated 8 by integrating the distribution function over the loss region V 0 > V 0;min , and then integrating over the direction cosine (pitch angle)
R iol loss is the fraction of particles that cross the separatrix on loss orbits and do not return to the plasma, which will be discussed later in this section, C is the gamma function (arising from the use of a truncated Maxwellian distribution function to evaluate the velocity integral), f(V 0 ) is the ion distribution function, and minðf 0 Þ ¼ mV 2 0;min ðn 0 Þ=2kT ion . This calculation is fully differential in four dimensions: 34 (1) radial coordinate (q), (2) initial poloidal location (h 0 ), (3) final poloidal location on the separatrix (h s ), and (4) pitch angle (n 0 ), which allows the distribution function to evolve due to the changing velocity loss cone structure in the outer flux surface regions close to the separatrix.
A similar process can be followed for momentum and energy loss fractions, but with moments of mV 0 n 0 and applied to the velocity integral, respectively. 8 For example, the momentum loss fraction is
Noting that the total momentum loss from the plasma due to ion orbit loss is the numerator in Eq. (6), an IOL intrinsic rotation for ion species "j" in the toroidal direction can be defined for use in calculating the rotation velocity profiles required for the radial electric field calculation
FIG. 2. Minimum energy and velocity required for a deuterium ion to be ion orbit lost at the top of the pedestal (q ¼ 0.966) at both the inboard and outboard midplane as a function of pitch angle calculated from Equation (4) assuming circular flux surface geometry. It is assumed that the return current ions rejoining the plasma from the "cold" scrape off layer have negligible momentum and do not affect the intrinsic rotation calculation. Theoretically, fast ion losses could also be included in the intrinsic rotation calculation, and MAST experiments have shown that in low aspect ratio machines, there can be more momentum deposited in the plasma than originally injected by neutral beams. 25 However, in this work, a simplified model is used with a multiplier on the co-current neutral beam injected (NBI) momentum, which is presently considered to have a value of 1.0 due to the large aspect ratio of DIII-D.
B. Ion orbit loss of fast neutral beam ions
Fast ions are accelerated to roughly 80 keV, converted into neutral atoms or molecules of D 1 , D 2 , or D 3 , and are then launched into the DIII-D plasma for heating, fueling, current drive, and rotational drive. Since there are several molecular species of deuterium, the neutral beam takes three characteristic energies: full energy E for D 1 atoms, half energy E/2 for D 2 molecules, and third energy E/3 for D 3 molecules, where E is the acceleration energy. The fraction of the total beam in each energy component has been experimentally determined for DIII-D and can be calculated as a function of the total energy component. 35 For this analysis, the fraction of injected beam particles is approximately 76%, 13%, and 11% for the full, half, and third energy components, respectively.
Fast ion deposition profiles, shown in Fig. 3 (a), can be calculated using various numerical codes such as NUBEAM 35 and NBeams, 36 which estimate deposition based on charge exchange and ionization cross sections on each flux surface due to local conditions.
Since each beam follows a straight-line deposition trajectory, there is a characteristic pitch angle or angle of the beam direction with respect to the toroidal magnetic field. Figure 3 (b) shows the pitch angle calculated for circular flux surfaces compared to elongated elliptical flux surfaces generated from NBeams (n 0 > 0 for ctr-I, n 0 < 0 for co-I ions).
The elliptical pitch angles were used for the fast neutral beam injected ion orbit loss calculations in this paper.
The ion orbit loss calculation for fast ions can be derived from the formalism in Section II A by treating the pitch angle and velocity distribution in a different manner than for the thermal population. The minimum energy calculation from Eq. (4) takes the pitch angle as an independent variable. For thermal ions, particle trajectories can have any angle with respect to the toroidal magnetic field; therefore, all pitch angles are considered. However, the fast ion calculation requires only one pitch angle for each surface as required by geometry for promptly lost particles. This simplification allows the minimum energy calculation to solely depend on the poloidal angle, instead of both the poloidal angle and the pitch angle as is the case for thermal ions.
Furthermore, the beam energy distribution functions are treated as a delta function centered around three specific energies derived from the injection system and not a Maxwellian distribution as in the thermal ion case. The neutral beam injected (NBI) particles can be seen as a mono-energetic external source of ions onto flux surfaces with a single pitch angle. If minimum energies for each flux surface are calculated, then the fast ion loss fraction simply depends on whether the NBI energy component exceeds the minimum energy requirements for the ions to be ion orbit lost. Fast ions that are promptly lost due to IOL decrease the NBI source term in the continuity equation for thermalized ions. The deposition profile is used to modify the NBI source term for the thermalized ion continuity equation to obtain
where H is the normalized neutral beam deposition profile calculated from NBeams and shown in Fig. 3(a) . The inward return current compensating the loss of fast ions is assumed to consist of thermalized ions from the scrape off layer, accounting for the factor of 2 in the thermal ion radial particle flux source of Eq. (8) . While the thermal ion loss fraction (5) is cumulative in radius, the fast beam ion loss fraction of Eq. (9) is differential at the local radius. The NBI source rate is summed over all the energy components, where the particle energy, loss fraction, and the deposition profile structure are dependent upon the energy component, i, representing E, E/2, and E/3. The fast ion loss fraction is calculated by considering the number of poloidal loss directions for all energy components on each flux surface divided by the total number of poloidal directions
NBI is the condition requiring fast neutral beam ions to have greater energy than the minimum needed for ion orbit loss to be included in the integral. Figure 4 shows the loss fractions for the various energy components of fast beam ions compared to the cumulative (in radius) thermalized loss fractions calculated from Eqs. (9) and (5), respectively. The profile structure of the fast ion loss fractions is due to the small number of poloidal loss angles considered numerically, which can be readily extended in future analysis. The fast loss profiles extend farther into the plasma than the thermal loss profiles, suggesting the possibility that for large NBI systems or systems that focus on injecting particles in the edge where these large NBI loss fractions exist may generate significant fast losses which would be coupled with large return currents. Substantial fast ion losses in the edge like this have the potential to generate significant intrinsic rotation and are therefore of great interest for future investigations for situations where direct NBI cannot drive rotation in the usual way. 25 Fast loss fractions often extend farther into the plasma than the mesh used for edge calculations in this paper. The losses inside of the edge pedestal region (illustrated in Fig.  5 (a) in Section II C) are integrated and removed from the total NBI source, and the edge region fast losses are maintained as a radial function to be included in the continuity equation for thermalized ions.
C. Use of experimental flux surfaces and magnetic fields
Previous ion orbit loss calculations using the model of References 8 and 34 used a simplified circular geometry to calculate flux surface values as well as parameters like magnetic fields and major radii Rðr; hÞ ¼ Rhðr; hÞ; (10a)
and used Ampere's Law, assuming uniform current density, to define flux surface values
where "I" is the plasma current and " r" is the effective plasma radius of a circular plasma. The corresponding plasma minor radius is assumed to be that of the effective circular geometry that preserves the area for an elongated elliptical plasma of horizontal dimension 2a and vertical
. Sensitivity of the calculations of Eqs. (4)-(6) to the flux surface geometry treatment can be explored by comparing the results of calculations using measured flux surface geometry with calculations using the circular model. Experimental flux surfaces and magnetic fields obtained from EFIT 37 are shown in Fig. 5 , and the circular model flux surface of Eq. (11) is shown for comparison in Fig. 5(b) .
Experimental data were also used for the toroidal magnetic field, allowing the minimum energy calculation in Eq. (4) to be evaluated with purely experimental parameters. With these model improvements, Fig. 6 shows the influence of using realistic flux surface geometry and magnetic fields on the loss fraction calculation.
Calculating loss fractions with measured flux surface geometry decreases the total cumulative IOL for particles and energy and changes the structure of the loss profile to show a sharper increase of lost particles in the far edge as opposed to the more gradual loss of particles with the approximate circular model calculation. Momentum losses reflect similar results and are shifted towards the separatrix with a larger and more pronounced peak when using experimental values, which agrees with previous models and experimental observations. 29, 31, 38 In order to make this improved model a predictive model, an analytical fit to flux surfaces can be used in lieu of experimental equilibria. Previous analysis 39 Rðr; hÞ ¼ R 0 þ r cos n; (12a)
where nðr; hÞ
h m , and h m is slightly different from the true poloidal angle and is defined by the triangle with hypotenuse of jr and height Z. This model was employed to generate a new mesh with more realistic flux surfaces in the outer plasma region for the ion orbit loss calculation (but not for the general plasma balance calculation). These modeled surfaces shown by the grid structure in Fig. 7 represent the experimental flux surfaces much more accurately than a circular model and yield almost identical results to the calculation based on the EFIT (<1% positional error 39 ) flux surfaces shown in Fig. 5(a) .
The improved flux surface model can be used for both thermal and fast ion loss calculations and then applied to the fluid calculation via 1D loss fraction profiles as a function of normalized radius, so there are no geometric issues with merging the two geometric models.
D. Effect of returning particles
Tightly trapped banana orbiting particles satisfy the conservation requirements to be ion orbit lost but may return to the plasma after executing those orbits that cross the separatrix. If the fraction of this number of returning particles to the total number of particles that satisfy IOL requirements is unity, then no particles are ion orbit lost; if it is zero, then all IOL particles are removed from the plasma. In reality, the fraction lies somewhere in the middle. To investigate this further, the particle following code ORBIT 41 was used to perform a numerical study tracking particle trajectories outside of the separatrix in the DIII-D H-mode plasma shot #123302. It is assumed that if the particle orbit intersects with the vessel wall, then those trajectories are considered absolutely lost, whereas other orbits have the possibility of returning the ions to the plasma. Further analysis is required to extend this simulation to account also for processes that are occurring in the SOL such as charge exchange collisions with neutrals, which would remove particles from the plasma even if their trajectories do not intersect the wall.
For the present study, particle orbits were traced for 104 trial trajectories from 90 boundary points along the separatrix, at 5 different energies (100 eV, 500 eV, 1 keV, 3 keV, and 5 keV). The 104 different trajectories are shown for one boundary point in Fig. 8 , where the (red) trajectories to the left represent particles launched away from the plasma core, and the (blue) trajectories to the right are towards the plasma core. The direction of each trajectory was chosen to sweep all angles with respect to the local toroidal magnetic field.
After calculating all the orbits, the fraction of ions that hit the wall was determined as a function of energy, shown in Fig. 9 . It is interesting to note that very low energies have a large non-return fraction, then a threshold is reached where the non-return fraction drastically decreases before increasing at a slower monotonic rate through the keV energy range. The lower energy particles have a higher non-return fraction, which mostly occurs in the upper inboard quadrant. A potential cause for this is due to high energy particles drifting inwardly due to magnetic field curvature from neoclassical drifts, while the lower energy particles do not, and simply strike the wall (which is very close to the plasma in this region).
This analysis shows that roughly 40% of ions that can energetically make it to the separatrix will strike the wall and be removed from the plasma. This fraction will be considered the "non-return" fraction, F NR ¼ 1 À R IOL loss . Of the other 60%, some may still be removed due to charge exchange or collisions with neutrals, but this must be explored further. The "outward trajectories only" curve represents the number of outward trajectories that intersected the wall divided by the total number of outward trajectories (dashed red lines in Fig. 8) .
The non-return fractions can also be analyzed as a function of poloidal position, as shown in Fig. 10 . There are spikes in fractions of particles striking the wall at the upper chamber wall located approximately at h ¼ p/2, outboard midplane (h ¼ 0), and the divertor (h ¼ 3p/2). Losing particles at the top of the plasma is consistent with the close proximity of the plasma to the chamber wall at this location in DIII-D (see Fig. 7 ). Also consistent with losses at h ¼ 0 and h ¼ 3p/2, previous IOL analysis 34, 42 has predicted peaking in lost particles at the outboard midplane and an importance of x-loss 43, 44 in the divertor region due to the null in poloidal magnetic field at the x-point.
When analyzing the poloidal dependence of losses at different energies, it is seen that the 100 eV energy ions exhibit larger variations in the non-return fraction than the 1 keV ions. The 1 keV ions have distinct loss peaks for the upper chamber wall and the divertor regions but appear to have consistent loss fractions for both the inboard and outboard sides of the plasma. The peak in the low energy nonreturn fraction in Fig. 9 is explained by the large increase in lost particles shown in Fig. 10(a) at the upper chamber wall of the vacuum vessel. These low energy ions do not have enough kinetic energy to neoclassically drift back into the plasma and strike the wall which is very close to the last closed flux surface at this poloidal location.
A similar analysis was performed for fast beam ions, but instead of launching particles from the separatrix, particle tracking was initiated along the outboard midplane, where the neutral beams are injected. Results showed that >90% of fast beam particles that are energetically allowed to execute IOL orbits will hit the wall; therefore, the fast ion orbit loss fraction remains essentially unchanged. An interesting outcome of this simulation was that fast ions began striking the wall (i.e., being ion orbit lost) in the ORBIT calculations at the same launch radius (q % 0.7) for which the modified circular model first calculated NBI fast ion losses in Fig. 4 from conservation principles, validating this part of the fast beam IOL calculation.
E. X-transport and x-loss
Another non-diffusive transport mechanism considered is called X-transport. 43, 44 There is a region near the divertor x-point where the poloidal magnetic field becomes very small (B h ( B / ). In this region, the particle transport is different than in the rest of the plasma because the only magnetic field is in the toroidal direction, constraining particles to travel only in the toroidal direction with negligible poloidal displacement.
Because the ions are not spiraling poloidally, there are no neoclassical cancellations of velocity drifts, which allow ions to possibly drift out of the plasma through the x-point before exiting this x-region. This was seen in the Lorentz force particle orbit simulation in Section II D by the spike in lost particles at h ¼ 3p/2 in Fig. 10 .
The particle transport in this region is assumed to be collisionless and dominated by (a) poloidal E r ÂB u drift and (b) vertically downwards curvature and grad-B drifts, which are described by Eqs. (13)
W is the ion energy in the parallel or perpendicular direction. During the time that the particle is inside the x-region, there is competition between these two drifts to transport the particle poloidally back into the plasma, x-transport to a different flux surface, or x-loss out of the plasma entirely, as depicted in Fig. 11 . If the poloidal drifts are sufficiently small, the ion will drift vertically downward across the separatrix through the x-point and be x-lost. In the far edge region where the radial electric field changes sign, the poloidal drift is reversed in the direction, allowing longer time periods for particles to be x-transported or x-lost due to the grad-B and curvature drifts. If the poloidal ExB drift is dominant, then the ions will remain in the plasma but be x-transported to a flux surface closer to the separatrix. The plasma analyzed in this section has vertically downwards grad-B and curvature drifts; however, in a plasma with a grad-B drift in the radially inward 
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Phys. Plasmas 23, 122505 (2016) direction, this model will not predict any x-loss and would describe x-transport in the radially inward direction. Large scale Monte Carlo guiding center simulations have identified x-loss as a dominant source of non-ambipolar ion transport, and therefore an agent of a radial electric field generation in the edge region. 43 Previous models have developed x-transport theory with averaged time scales over the entire x-region using a modified circular model. 44 This research aims to extend the modified circular model theory by incorporating realistic geometry and particle tracking to determine realistic minimum energy values required for particles to be x-transported from an inner flux surface to each outer flux surface. Similar to ion orbit loss theory, minimum energy matrices for ions to be x-transported or x-lost can be used to develop a methodology for incorporating the nondiffusive transport mechanisms into edge fluid models.
The previous modified circular model 44 can be used to calculate the minimum energy required to x-transport ions from an inner flux surface to an outer flux surface using Eq. (16) as a constraint and assuming that ions with greater energy than the minimum energy, W x min ðn ! mÞ can also be transported equally as far across flux surfaces
The x-region has poloidal arc width, rDh x , and is divided into radial segments of width Dr n!m between flux surfaces n and m, traveling in direction n 0 ¼ cos
with respect to the magnetic field. This simplified circular model, whose geometry is illustrated in Fig. 11 , will be used as a comparison to a more in depth particle tracking method developed for this research. Extended x-transport methodology includes calculating the velocity field from the poloidal and vertically downward drifts and then tracking ion trajectories through the x-region due to the experimental magnetic field and radial electric field distributions. Particles that begin on flux surfaces on the left side of the x-region, as in Fig. 12 , are moving in the cocurrent direction. Conversely ions are moving in the countercurrent direction if they enter on the right side of the region. The poloidal ExB drift is dominant until the radial electric field approaches zero, and then the downward grad-B and curvature drifts have a greater effect. These downward drifts are the primary mechanism for x-transport to occur; however, the radial electric field becomes larger in magnitude at a rate rapid enough to keep some x-transported particles in the plasma instead of being lost through the x-point. This process can be assumed to be time dependent such that when no E r shear is present, ions are easily x-lost, which acts to construct an E r "well" whose shear constrains more xtransported ions to the plasma. In steady state, which is considered in this research, there will be a constant x-transport and x-loss associated with a particular E r whose losses will be determined by the time scale of processes determining E r and the compensating return currents. Figure 12 shows an example particle trajectory for a high energy ion. Lower energy ions will exhibit much smaller radial transport in the x-region, especially in discharges with large radial electric fields driving the poloidal drift.
Using this model, a minimum energy matrix similar to the previous simplified circular geometry model in Table I of Reference 44 can be calculated describing how much energy is required for a particle on a given inner flux surface to be x-transported to a given outer flux surface or out of the plasma entirely. After analyzing x-transport for particles with pitch angle n 0 ¼ 60:5, results showed that even with extremely high energies up to 20 keV, particles were consistently x-transported, but not x-lost out of this particular H-mode DIII-D plasma, similar to the example trajectory in Fig. 12 , which exemplifies an extreme case with very large radial displacement. Table I shows the corresponding minimum x-transport energy matrix for an ion to travel from one flux surface to another in the edge plasma for DIII-D H-mode shot #123302 and n 0 ¼ 60:5 compared to the results obtained for the same pitch angles in Reference 44 using the simplified circular model. The format for data presentation in the table is: (modified circular model)/(particle tracking model). For example, according to Table I , the minimum energy required for an ion to be xtransported from q ¼ 0.926 to q ¼ 0.932 is 0.5 keV for the simplified circular model and 0.4 keV for the particle tracking model. The minimum energy for the simplified geometry model is seen to monotonically increase for an ion to move farther out in the plasma, and minimum energy values can be calculated for all combinations of flux surfaces leading to an upper triangular matrix. This assumes a constant radial electric field within the mesh of the calculation. The particle tracking calculation accounts for a varying radial electric field across the ion trajectory. With the inclusion of this physics, the minimum energy matrix takes a diagonal form, suggesting that ions can primarily be x-transported to the n þ 1 flux surface and results in larger minimum energies to be xtransported in general. This suggests that x-loss, or the particle crossing the separatrix from this mechanism, occurs less frequently than a particle being x-transported to a flux surface closer to the separatrix. The third row in Table I (q ¼ 0.932) represents the flux surface where the radial electric field changes from positive to negative as illustrated in Fig. 1(b) . When E r ¼ 0, there is no poloidal transport possible in the particle tracking model, so particles are not able to enter the x-region, which is why there are no minimum x-transport energies available on this flux surface for the particle tracking model (represented by an 'X'). However, in reality, ions with some poloidal inertia will transport into the x-region on this flux surface and experience an uncontested vertically downwards grad-B drift, which will produce a source of particles onto the flux surfaces outwardly adjacent to the flux surface where E r ¼ 0. The diagonal entries in Table I represent the most energetically favorable x-transport scenario for an ion to travel from flux surface n to n þ 1 and will subsequently be used in the fluid model.
Assuming most particles are only energetically allowed to be x-transported one flux surface at a time towards the separatrix like a cascade, when an ion exits the x-region after being x-transported it re-renters the region of the tokamak with normal neoclassical transport occurring, it is swept around the flux surface and samples all possible locations and minimum energies for ion orbit loss before re-entering the x-region. This process puts conventional ion orbit loss in direct competition with x-transport for each flux surface, where IOL can happen at any poloidal location, but xtransport only occurs at roughly h ¼ 3p=2.
The process that has the smallest minimum required energy allowing an ion to be transported either out of the plasma (IOL) or to the next flux surface (x-transport) will dictate the loss on that flux surface. To analyze which mechanism dominates, Fig. 13 shows a comparison of minimum energies for x-transport calculated from the particle tracking model and thermal ion orbit loss for edge plasma flux surfaces.
The minimum energy for thermal IOL is seen to monotonically decrease towards the separatrix. The minimum energy for IOL drops below that of x-transport at q ¼ 0.943, making IOL more favorable in the outer edge region and xtransport more favorable in the inner edge region. This process of "x-transport pumping" causes lower energy particles in the inner edge region (that were previously not energetically available to be IOL) to be pumped into a region where they are energetically allowed to be IOL. The bold row in Table I shows the flux surface where IOL becomes dominant. It can be seen that the minimum energies for xtransport become significantly larger for the particle tracking scheme at larger radii than this flux surface compared to the modified circular model due to the larger (but negative) radial electric field. This suggests that any model considering both IOL and x-transport processes must consider them as coupled. The cumulative ion orbit loss fraction profile is also shown in Fig. 13 , illustrating that as the minimum energies required for ions to be lost is sufficiently decreased, the fraction of ions with a large enough energy to escape increases.
To be incorporated into the fluid equations, the mechanism for making up the lost charge from x-transport and its relationship with conventional IOL must be analyzed. Both IOL and x-transport act on the same ion velocity distribution on a given flux surface. However, there will be an extra source and sink due to x-transport for particles on each flux surface, as indicated in the continuity balance equation 
F x (n!m), which is applied to the radial particle flux on the initial flux surface n, is the loss fraction due to x-transport from flux surface n to flux surface m defined by taking the integral of velocity space similar to the IOL loss fraction from Eq. (5). When using the assumption that ions can only be x-transported across one surface, this sum will disappear and turn into a source from just the previous flux surface. The x-transport sink is similarly defined for the loss of particles on flux surface m due to x-transport to flux surface n' closer to the separatrix. In this continuity equation, either the thermal IOL sink or the x-transport sink apply depending on which process has the most favorable minimum energy.
To simplify this equation for realistic implementation in simplified fluid equations, the "x-transport pumping" process was utilized to model the x-transport directly into the thermal ion orbit loss fraction, allowing the continuity equation to remain unchanged (i.e., without the last two terms in Eq. (17)), but utilizing different F IOL therm curves. Assuming particles can only be transported to the next flux surface, the cumulative particle fraction shifts radially outwards by the integral over the different minimum loss energies between the two processes of IOL and x-transport
For both x-transport model analyses, average pitch angle directions of n 0 ¼ 60:5 were taken into account in contrast to the cumulative thermal ion orbit loss calculation that accounts for all pitch angles. The primary goal of this calculation was to develop a more accurate x-transport calculation using the same theory as Reference 44 that can be incorporated into fluid balance equations. Full treatment of this mechanism would require a second integral over the directional cosine variable, which is an active area of future work.
Results from comparing the two models were used to develop assumptions for a simplified implementation into the fluid equations. It is assumed that all x-transported particles will cascade down to the flux surface where ion orbit loss becomes the dominant process, so there is a large source of relatively lower energy, counter-current particles that become newly available to be ion orbit lost. However, the majority of these ions will be immediately lost when this condition is met because low energy, counter-current particles are preferentially lost in the IOL process. Therefore, it is assumed that all of the "x-transport pumped" particles are lost to the plasma via the conventional ion orbit loss mechanism, but this happens on a flux surface closer to the separatrix (q ¼ 0.943 in this case) than where they were originally displaced. Because these x-transported ions are actually lost via the IOL mechanism, they can be removed from the plasma by modifying the total loss fraction profile, instead of the particle source and sink terms in the continuity equation
K is the flux surface where ion orbit loss becomes dominant, and the sum accounts for the total loss fraction, F tot loss , to be treated as a cumulative profile. The denominator accounts for the presence of more particles on each outer flux surface than originally due to x-transport, constraining the ratio of xtransported particles, N x tot , to total number of particles modifies this cumulative fraction to a maximum value of 1.
The x-transport modified cumulative loss profile compared to the conventional thermal ion orbit loss profile is shown in Fig. 14 for the DIII-D H-mode shot #123302 to be small relative to the thermal ion orbit loss, at least for this particular LSN discharge.
This restructuring of the cumulative loss fraction curves due to the competing processes of IOL and x-transport increases the particle loss fraction through the steep gradient region of the pedestal as expected. The effect would be amplified with the inclusion of all pitch angles (not just n 0 ¼ 60: 5) , and this will be considered in future work.
III. EFFECTS OF ION ORBIT LOSS MODEL IMPROVEMENTS ON CALCULATION OF RADIAL PARTICLE FLUX, INTRINSIC ROTATION, AND RADIAL ELECTRIC FIELD
Ion orbit loss model improvements can be included in fluid equations to calculate the (1) radial particle flux, (2) intrinsic rotation, and (3) radial electric field as described in Reference 20. The term "model improvements" refers to the four extensions to ion orbit loss theory previously discussed, which are the inclusion of fast beam ion orbit loss, the use of experimental flux surfaces and magnetic fields instead of a FIG. 14. X-transport corrected particle loss fractions for n 0 ¼ 60:5 ions. modified circular geometric model, the reduction of the amount of ion orbit loss calculated by 40% due to some ions returning to the plasma after executing orbits that cross the separatrix, and the inclusion of "x-transport pumping." The radial particle flux calculated from the first three terms on the right hand side of Eq. (17) is shown in Fig. 15 , which compares the results with and without improvements to the IOL model as well as to the calculation with no ion orbit loss correction.
The (no IOL) radial particle flux without correction for ion orbit loss monotonically increases towards the separatrix because of the increasing ionization source due to recycling neutrals increasing towards the wall. However, when the radial ion particle flux is corrected for IOL, the flux decreases in the far edge region both because outflowing ions are lost by IOL and because of the negative sign of the inflowing ion current from the scrape off layer necessary to maintain charge neutrality. Inclusion of IOL model improvements further reduces the radial particle flux due to the effects of fast ion losses.
Model improvements to the IOL calculation affect the intrinsic rotation calculation from Eq. (7) as shown in Fig. 16 . The use of experimental flux surfaces and magnetic fields appears to dominate the momentum calculation, causing the prediction of the intrinsic rotation peak to be larger and located closer to the separatrix relative to the peaking predicted by the circular model, which is consistent with experimental observation of peaking just inside the separatrix. 29, 45, 46 The radial electric field is routinely calculated from experimentally measured carbon parameters by utilizing the carbon radial momentum balance equation 
Equation (20) evaluates the radial electric field profile in experiments; however, it does not identify the physical processes determining E r . Previous research 20 has developed a modified Ohm's Law which determines the radial electric field from the combined effects of the deuterium, carbon, and electron species 
The first term is derived from the Lorentz collisional friction model, where the Spitzer perpendicular resistivity 47 is g ?;Spitzer ¼ 1:03 Â 10 À4 Z ef f lnðKÞ=T 3=2 e , and the radial current j r is required by charge neutrality to compensate for both fast and thermal ion orbit lost particles, as described in Section II.
In Fig. 17 , the modified Ohm's Law expression evaluated with experimental velocities (perturbation theory used for deuterium toroidal velocity 48 ) is shown to adequately calculate the radial electric field for this H-mode discharge. With the IOL model improvements, the radial electric field "well" is shifted downwards and outwards. The "well" still does not align directly with experiment, suggesting that the radial electric field model requires improvement in other areas outside of the ion orbit loss model such as extending the viscosity formalism to include effects of nonaxisymmetry. 49 
IV. CONCLUSIONS
An ion orbit loss model that can be included straightforwardly in fluid calculations has been significantly improved to account for fast neutral beam ion losses, as well as realistic flux surface and magnetic geometry and ions returning inward across the separatrix. The effects of ion x-loss and x-transport are also considered in this analysis through modification of the ion orbit loss fractions.
Prompt fast ion orbit lost particles act to reduce the radial particle flux profile directly due to a decreased source term in the thermalized ion continuity equation and indirectly due to an inward ion particle flux necessary to maintain charge neutrality. Using experimental magnetic fields and flux surface values in the ion orbit loss model decreases the predicted total amount of particle and energy losses relative to predictions using simpler magnetic field representations, while increasing the amount of momentum loss, as well as shifting the intrinsic rotation peak closer to the separatrix. This suggests that intrinsic rotation profiles could possibly be shaped through controlling the plasma elongation and triangularity.
A numerical study of orbit tracking predicts that roughly half of the particles that satisfy canonical angular momentum, magnetic moment, and energy balance requirements to be ion orbit lost will directly strike the wall. The other half have the opportunity to re-enter the plasma or may be removed from the plasma via a secondary mechanism such as charge exchange in the scrape off layer.
In-depth particle tracking in the x-region to analyze xtransport reveals a new mechanism, "x-transport pumping," which transports (via grad-B and curvature drifts) lower energy ions on internal flux surfaces to outer flux surfaces where they are energetically able to be ion orbit lost. This effect can be included in the cumulative thermal ion orbit loss fraction for incorporation into the fluid equations but is expected to be small relative to conventional ion orbit loss. Applying the ion orbit loss model extensions to a theoretical fluid model for the radial electric field did not yield significant improvements, suggesting other areas of the model such as the viscosity formalism in the rotation models 49 need to be examined.
